Introduction
A major source of fan noise is unsteady flows interacting with blades and vanes. Thm;e unsteady flows are inlet distort Lwns 3-7 such as etmwSpheric turbulenee, 8 cross-wind effects, 9 static test installation wakes, fan in Let boundary layers and the ground vortices thut are apparent during many static test conditions, all. of which can produce a significant levels of noise with a fan or a turbofan. engine. Because these inflow conditions can vary during Lite course of a test program, and can vary significantly between static testing and forward flight of an engine, LO the evaluation of noise reduction features using static testing and Lite extrapolation to flight of static noise levels is extremely complicated and may prove erroneous.
For flyover noise prediction, source noise error is only a part of the problem since atmospheric propagation effects and installation effects also appear to contribute significantly. However, the study of fan noise sources is an important part of this problem, and knowledge of the importance and strengths of possible sources of unsteady flows described above is particularly important in SOLacting a facility for simulating flight behavior statically. The degree of importance of these unsteady flows will depend on the particular fan stage and unsteady flow structure. It is therefore -Nst T tonal Aerospace Laboratory, Tokyo, Japan; NRC -NASA Lewis Research Associate.
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1 AIAA Paper No. 78-1120 important: to correlate the results of various fan noise calculations with the existing experimental model data end thereby define the interplay of scales and intensities in determining noise levels and to suggest the most fruitful inflow control strategies. These calculations can also provide information about fan noise modal structure for acoustic suppressor design.11
Many theoretical studies of fan noise have been based on two-dimensional linear cascade models4-8 , 12-14 that nave made clear the fundamental features of the sound generation process and have shown the effect of the various factors that Influence sound source noise. However, it has not been made clear over what range of conditions those current two-dimensional theories art , able to predict the unsteady blade forces and the sound field for the case of a three-dimensional annular blade row and for complicated inflow-distortions. The two-dimensional problem is easier to handle and to obtain numerical results for; however, comparison of two and three-dimensional results is needed over a wide range of parameters and inflow conditions. The available theoretical results on unsteady blade forces for a single airfoil in an oblique gust l5 show that the unsteady lift force amplitude decreases as the opanwise wave number of the gust increases. We can inferthen, that threedimensional effects will play an important role on fluctuating blade forces in the case of interaction with an inflow distortion of large radial extent. As Tyler and Sofrin l " pointed out, the interaction field generates many modes with Various circumferential and radial mode numbers, and whether these modes propagaten or decay depends utrongly on the three-dimensional duct cutoff phenomena, Therefore, the role of three-dimensional effects in Lite prediction of unsteady blade forces and acoustic power and acoustic modal Structure has to be clarified.
A theoretical analysis of the unsteady force and Lite total acoustic power in a three-dimensional annular cascade was carried out by Namba. l Several ut the three-dimensional effects on unsteady forces and acoustic power were obtained. However, in his numerical calculations, the reduced frequency is treated as a constant Value, without regard to inflow distortion circumferential mode number and the rotational speed of rotor, and so correct numerical results for rotor-inflow distortion interaction noise are not presented, Also, in his calculation, the circumferential and rndial distributions of the inflow distortion were limited to the case of simple harmonic distortion.
Therefore, in this paper, a theoretical analysis of pure tone fan noise generated by inflow distortion-rotor interaction was carried out with the aid of the three-dimensional unsteady lifting surface theory developed by Namba, 1 . 2 accepting as input various inflow distortions, in order to prodiet the forward'and aft radiated pure tone energy and the modal energy distribution. Special empha-ORIGINAI, PAGE , IS OF P001i (QUALITY Analytical Model sis is placed upon the clarification of the accuracy of available two-dimensional theory for the prediction of pure tone fan noise due to the interaction of inflow distortion with a subsonic annular blade row, For this study, three-dimensional calculations, two-dimensional calculations (strip theory) and quasi three-dimensional calculations are carried out and compared. In the quasi threedimensional calculation, two-dimensional chordwise dipole distributions at several radial positions are resolved into Fourier-BesseL dipole distributions on an annular blade row, and then, with this dipole distribution, the pure tone fan energy and modal structure in a three-dimene Lon g annular duct are calculated. In addition, the effects of compact and noncompact sources in an annular blade row on pure tone fan noise are also studied.
The procedure and assumptions introduced in the present study are described as follows. 'the theoretical model consists of a single threedimensional annular cascade rotating rt constant angular velocity in an annular rigid-wall duct of infinite axial extent. Thus, the duct end reflection, the effect of upstream or downstream blade rows, and the effects of duct area variation are not considered. These effects except for the last one, could be included in the solution procedure of the present study. The undisturbed flow is uniform axially and the relative velocity ovar the whole blad(i span is limited to time subsonic range. In order to make the problem tractable, linearized theory is adopted; that is, not only fluctuating quantities due to cound but also those due to the inflow distortion convected with the be sic flow, are assumed to be small quantities of the first order in comparison to Lite mean pressure or the main stream velocity, respectively. tating at a constant angular velocity v4 in an annular rigid walled duct of infinite axial extent (Fig. 1) . The fluid flow is composed of an undisturbed flow with a uniform axial velocity cos and small fluctuating flows due to the rotor blades and inflow distortion, The flow is inviscid, of uniform entropy and hoe no thermal conductivity.
The fluctuation induced by the rotor is assumed to be isentropic. The fluctuations of the fluid flow are small compared with the undisturbed floe. It is also assumed that the fluid velocity relhtive to the blades is subsoafc along the whole span and that the blades have no steady load.
A cylindrical polar coordinate system is used with axes (r,6,z) fixed to the rotor as shown in 
Rn(kn,Z • r) and kn 1 are respectively the normalized radial eigen-CuncLion and its eigenvalue, uhtere n(°vN + a) and L denote the cLrcumrarential mode number and the radial mode number,. respectively, of a pressure wave.
Tile factor no Z is either a positive real or a positive imaginary number, Evidently the modes corresponding to real On 1 are the cutoff waves that decay In the far-field, while the modes associated with imaginary values of On^1 are the cuton waves that propagate without decaying. The critical values of v and t dapeod upon the .axial Mach number Ma, the rotational speed of rotor atf , the hub-tip ratio It and the circumfcrentinl mode number of the inflow distortion q, but not on the radial mode number of inflow distortion p. Equation (4) can be written In the Fourier8essel double series from as follows;
whereCn Z (S , q ,P) and Fn,L(S,q,p) are the blade force coetEicionts defined by
which 1s equivalent to
(11) Equation (9) expresses the fluctuating pressure as a super-posiLLan of an infinite number of pressure. modes which are characterized by the cLreumferential mode number n(=vN i-a) and the radial mode number L. L xpression ( 9) is convenient for a modal onalyaiu of the pressure field, but It is inconvenient for evaluating the near field pressure for two reasons. First, the aeries expansion with respect co the circumferential wave number n is nonuniformiy convergent at the blade surface. Second, it involves too many blade force coefficients Gn 'L Q , q ,P) and Fn,L(3;,q,P)(L -0, 1, 2, . . ., v ° 0, 1 , 2. . . .) which are also function, of the axial pasitLon t;. These dif.ficultftien, which may be crucial, especially in n case Where the unsteady lift force distribution ppq p (p,a) cannot be specified a priori, were eliminstad by the method developed by Namba. 2 The method is founded upon approximating Rn(kn^Z•r) by a finite series of the Ra (ko 1 •r) in the form
L " k 0
The number L of retained terms should be appropriately large. with this method, equation (4) can be rearranged to obtain
0111GIN UALITY a
Pq p(r,0,z)
'Ilia kernel function Kp k(r,t) , z/S.q) is governed by the parameters N, tor, h, q, Me, -, a and [., KI'k can be resolved into three ports; K p (^') (proppaCating part), V.P("k) (singular part), and Kp (^) (regular part).
Fluctuatin g Velocity Induced by Rotor Blade Row
The fluctuating velocity q(r,0,z) e itt eau be obtained by integrating the linearized Sular's equation of motion as follows;
.w
where Vo denotes the fluid density in the +ln-disturbed State and Q o Wa' j7r 2 is the Velocity of the undisturbed fluid relative to the bladoo. Cemhining equations (4) and (14) leads to tho expression of the fluctuating veldt Lty in terms of the blade force made cogfficicnts. Then the upwsab component q(r,,,,z) a at can be expressed in the following form g r(r,tl,%)
The upwash kernel. function contains parameters of N, h, q, cur, a, and L• 'rhe detailed express ton far Lite kernel function KTk are given In Appendix I. As shown, KTk in divided into three parts the same as iTk; the propagating part KTQ , the singular part K'r (^n ) , and the regular part KT (p . lite singular part KT W possesses sLngulari LICS at the lifting surface.
Inflow Distortion
In this paper the inflow distortion is assumed to have only an axial velocity component (see 
where q and p are respectively the circumferentLal mode number and radial mode number. to denotes a small quantity which is the ratio of the external fluctuating velocity to the basic flow velocity. Since the upwash component of external fluctuating velocity is given by S q t w = we a"4r*r/ 1 + wTr` V.,
where 2
Co m (^ A,P) Co, m(5,9,P)/. a n (29)
We adopt file following alethod to cbtain neouatic 
where
N is tho number of chordw Lao acoustic dipole points hril is also the chordwise boundary points on a blade. O a kk (l,q,p) are rupresented by
The quantity Cok(W l ,q,p) is calculated from equation (28) by a collocation method, The solution is assumed tosatisfy a Otte condition at the trailins edge I. o., C,, k(tr,q, p) 0.
Fare Tone Acoustic Power
The pure tone fail noise is composed of a fizito number of propagating pressure modes which depend on the parnmecers v, ', q, al l , Die and h, Using equation (0), we can obtain the expression for sound pressure a 112 \) 1 Fz (r,",:) " ' n 2 Wu^/ ,gn(kn l.r). al(n0^a#z)
llere the suffixes + and -d000to the sound wnves propagating forward (downt;Lrenm) and backward (uparream) respectively, and IIP i; ( n,i,q) denotes the nondlmensionai pressure amplitude III Coal) acoustic modo, which is given in Lite noncompnct source case by
while in the case of a compact source
x / n "oak(5,9,P) dlr (04-2) Ca/2 p Further ct^., given by , a t = Z (nwT + w) T. I n n 1I (n + q )T T Ina,Ll
denotes the axial wave number per length rq.
Corresponding to each circumferential made number of inflow distortion, the circumferential acoustic mode numbers n (namely v) which can propagate are decided with equation (8)
From equation (15) 
Numerical Results
The numerical calculations are carried out in this paper for two different rotor configurations. Their geometric parameters are given in Table I The finite series approximation of L -7 and M -6 were used for the calculations in this paper, In accordance With the increase of circumferential wave numhar q, the number of propagating modes (n,L) increases, and therefore the accuracy of the calculation of the KT (^) term in equation (15) seems to decrease. In the three-dimensional calculation, the degree of accuracy seems to be greater than in the two-dimensional calculation, because the three -dimensional calculation has threedimensional effects in the radial direction. So i Figure 4 allows that the number of acoustic modes increanus with an increase in q. The seenstic powers of both upstream and downstream propagnLing sound waves are largest at about q = 30, lhis region of largo acoustic power corresponds to a large number of lot harmonic acoustic medea. in Fig, 4 , it In Scott that the total acoustic power lit downstream propagating waves in higher than that )1 upal.ream propagating waves in Like whole range of q. At the higher reduced. frequencies, the unstendy forces on the blade are concentrated near the landing cdgu and so the phnne variation of source in the cliordwtso direction is small. In addition, in the downetrcam direction, the wave length of sound is stretched due to fluid flow and theroforn the ratio of wave longth of sound to the chord length, a retarded time offoat, is smaller than in the upstream case. Ttnerafora, the difierence in acoustic power between noncompact and compact sources is loss noticeable in downstream case (sec Fig, 5 ).
ORIGMAI, PAGE IS OF POOR QUALITY
In the case of. the fundamental. tone (Fig. 5) , the downstream acoustic power predicted by the compact source model is higher by a maximum of 7 dg than that of the noncompact source madal and they approach ona anothur in tiro higher source reduced frequency range. fn the ups trema case, the acoustic power level of tits .ompoct .source prediction is considerably higher than that of the noncompact source predie L}on in the low reduced frequency range, but in the higher reduced frequency range, the acoustic power of the latter is higher than that of the former by savdral dB. 2. It is seen thnt the ac5datic power in the first radial mode is generally .nigher than that in the second radial mode.
In the case of upstream propagation, for cnae No. 1 (Fig. 9(a) ) the acoustic power of the first radinL mode is higher than second radial mode, by more than 7 dli for q less than 40, In case No. 2, (Fig, 10 (11) 
in the case of downstream propagation (Fig.  9(b) ) case No. 1 shows that the second radial mode level is lover by more than 3 d g than first radial mode level. Other radial more levels are lower yet than second radial mode level. In case No. 2 (Fig. 10(b) ) the second radial mode level is lower than the first radial component level except in the range of high reduced frequency. Therefore, in almost the entire range of q and for both upstream and downstream cases, it seems that only the first radial mode might be enough for acoustic liner designs if suppression requirements are modest.
&curacy of Two-Dimensional Method for pure one
Fan Noise Prediction
Comparisons are made of the acoustic powers calculated from the three-dimensional method (3-D), the two-dimensional method (2-13) and the quasi three -dimensional method (quasi 3-1)), in order to clarify the three-dimensions) effects and the accuracy of the two-dimensional method for fan noise is less than n d0. For the donmatream wave (Fig.  12(b) ), the total acoustic power ditivrence Is generally L ds or less in the region hetwern q and q 24. Figures 12(e) and (d) show similar close Agreements for the fundamental tone.
The survey based on the Above data indicates that the quasi 3-1) method may be used for pure torte ton nois y prediction with an Acoustic power estimation er ro r generally less than 12 dB. quasi 3-D methods is good. In both rotor cases, the acoustic power difference of corresponding acoustic madam is lass than 3 dl,, and In the region of low reduced frequency, the power difference approaches zero. In accordance with these numerical results, the quasi 3-D method also seems to be ad*-quart for acoustic modal structure prediction In the three -dimensionsl annular fan --inflow distortion interaction problem.
.
;,oncluding Remarks
Comparisons are made among the predictions based on three -dimensional theory, strip theory and quasi three-dimensional theory, in order to clarify the accuracy of available two-dimensional theory for the prediction of pure tone fan noise due to the interaction of inflow distortion with a subsonic annular blade row. Tile theories were derived with the aid of an unsteady three -dimensional lifting surface theory developed by Nambs . l loth compact and noncompact sources were considered. Several numerical calculations were carried out and the following results were obtained. 
